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principle, which is largely affected by the experience of the physician or therapist. Excessive training can interfere with neurological recovery 8 and even lead to stroke recurrence 9 . For example, too much constraint-induced movement in very early periods of recovery can impede the recovery progress of upper arm function 10 . On the other hand, insufficient training usually does not achieve the desired effect. Therefore, appropriate training intensity is essential for an effective and efficient poststroke recovery.
Glutamate N-Methyl-D-aspartic acid (NMDA) receptors are calcium-permeable ionotropic receptors that are comprised of several NMDA receptor subunits. One subunit, NR2B, is widely distributed in the hippocampus, cerebral cortex, and olfactory bulb. It plays an important role in the pathological processes of cerebral ischemia. When excessively activated by rapid increases in extracellular glutamate concentrations, NR2B can activate apoptotic signaling cascades and promote neuronal death 11 . Pre-ischemic treadmill training has been reported to down-regulate NR2B mRNA expression levels and induce brain ischemic tolerance 12 . Therefore, the purpose of the current study was to investigate whether the neuroprotective effects of physical exercise after cerebral ischemia were related to NR2B activities and, if so, to explore the relationship between training intensity and expression of the NR2B subunit. Our results demonstrate that treadmill training can indeed down-regulate phospho-NR2B (p-NR2B) levels but not change the expression of total NR2B. Furthermore, we found that, low-intensity training was more beneficial for the recovery of neurological function.
MATERIALS AND METHODS

Animals and surgery procedures
A total of 144 adult male Sprague-Dawley rats (250-300 g) were provided by Shanghai Laboratory Animal Center, Chinese Academy of Sciences. All experimental procedures were in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, and the ethical committee of Fudan University. All rats were housed under a 12 hour light/dark cycle and food and water were given ad libitum.
All animals were randomly divided into four groups (n = 36 each), including sham, no exercise (NE), low intensity training (LIT, v=15m/min), and moderate intensity training groups (MIT, v=20m/min). For cerebral ischemic surgery, the rats were first anesthetized with 10% chloral hydrate (330 mg/kg) via intraperitoneal injection. The rats in the NE, LIT, and MIT groups had their left middle cerebral arteries occluded in perpetual according to the method described by Zea-Longa et al 13 . A filament with a poly-L-lysine coated blunted tip was inserted into the left common carotid artery via an incision. The filament was inserted into the internal carotid artery to the narrow proximal anterior cerebral artery. In order to occlude the middle cerebral artery at its orgin, the length of the filament inserted into the internal carotid artery was approximately 20 mm. The rats in the sham group received the same operation but no vessel was occluded. Body temperature was maintained at 37°C by a heating pad.
Neurological examination
Twenty-four hours later, neurological status was examined using neurological defect scores, by a rater who was blind to the experimental designs 14 . Briefly, Grade 0 indicated no visible deficits; Grade 1 indicated contralateral forelimb flexion when the rat was held by its tail; Grade 2 indicated decreased grip of contralateral forelimb; Grade 3 indicated spontaneous movement in all directions but contralateral circling if the rat was held by its tail; Grade 4 indicated spontaneous contralateral circling; Grade 5 indicated death. Rats in Grades 2 to 4 were selected. On the 3rd, 7th, and 14th day following middle cerebral artery occlusion (MCAO) surgery, neurological assessments were repeated.
Treadmill exercise
Prior to MCAO or sham surgery, all rats received three consecutive days of adaptive running exercise for 30 minutes (min) on an electrical treadmill machine (DSPT-202 Type 5-Lane Treadmill, Litai Biotechnology, China). Electric shock was used to motivate the animals to continue running when the rats moved back onto the treadmill. Based on previous reports 15, 16 , maximum exercise intensity was determined (at maximum exercise intensity, rats cannot run any longer because of fatigue within three minutes after the onset of exercise). The sham group and the NE group were then subjected to no exercise; LIT group was exercised at 40% of the maximum velocity; MIT group was exercised at 60% of the maximum velocity. Twenty-four hours after surgery, each rat in the LIT and MIT groups had a five min warmup at 5m/min. Treadmill speed was then increased by 5 m/min every five min until the target exercise intensity was reached. Treadmill training was at a slope of 0° for 30 min/day until sacrifice.
Infarct volume
Infarct volume was measured as previously described 17 . Five rats in each group were anesthetized with chloral hydrate and decapitated quickly at each time point (3rd, 7th, and 14th day) after MCAO surgery. The brain was removed carefully and put into -20°C for 30 min, then sliced into 2.0 mm-thick coronal sections with a mold and razor blades. Subsequently, the brain sections were incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution for 30 min at 37°C and transferred into 4% paraformaldehyde solution for fixation. The infarction volumes were measured by a rater blind to the experimental designs using Image-pro plus 6.0 software. The method described by Swanson 18 was used to minimize edema-related errors.
Data were expressed as follows:
Infarct volume = contralateral hemisphere region − noninfarcted region in the ipsilateral hemisphere;
Infarct percentage = infarct volume/volume of the contralateral hemisphere × 100%.
Protein extraction and Western blot analysis
According to Watanabe et al, the expression of NR2B in the adult rat brain is the highest in the cortex, hippocampus, amygdala, ventral nuclei of the thalamus and olfactory bulb 19 . In used for the mortality analysis. Mortality rates for each group were as follows: 0 in the sham group, 8 in the NE group, 1 in the LIT group, and 6 in the MIT group. No significant differences were found between the NE and MIT groups. However, the mortality rate in the LIT group was significantly lower than the MIT groups and the NE group (p < 0.05) (Figure 1 ).
Body weight
After surgery, all groups, including the sham group, suffered a short period of weight loss followed by weight gain (Figure 2 ). For the sham and LIT groups, body weight gain started before the 7th day following the operation; whereas for the NE and MIT groups, the duration of body weight loss was longer. There were no significant differences in baseline body weight among the four groups. On the 3rd, 7th, and 14th days, the body weight of the sham group was significantly different from the other groups (p < 0.05). In addition, on the 7th day the body weight of the LIT group was heavier than the NE and MIT groups (LIT vs 
Neurological examination
Rats in the sham group had no neurological impairment, so their scores were zero. The degree of cerebral ischemic impairment in the three MCAO-treated groups (n = 12 each) were assessed at multiple time points after the operation ( Figure   order to ensure experimental accuracy, hippocampal tissues in the ischemic hemispheres of our rats were collected at different time points and homogenized on ice in superactive RARI lysis buffer (Beyotime Biotechnology, China). After incubation at 4°C for 30 min, the homogenates were centrifuged at 14000 g at 4°C for 25 min and the supernatants were collected. Protein concentrations were measured with a BCA kit (Beyotime Biotechnology, China) and stored at -80°C until use. Western blot analysis was performed as previously described 20 . Briefly, proteins were separated on 8% SDS-PAGE gels and transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were incubated with p-NR2B (Tyr1472) primary antibodies (Cell Signaling Tech., Beverly, MA) and the total NR2B primary antibodies (Cell Signaling Tech., Beverly, MA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. Proteins were visualized with an enhanced chemiluminescence kit (Pierce, Rockford, IL), and densitometry was performed using Quantity One software.
STATISTICAL ANALYSIS
Cerebral infarct volumes were presented as mean ± SE, p < 0.05 was considered statistically significant. The other data were presented as mean ± SD, p < 0.05 was considered statistically significant. Cerebral infarct volumes and neurological scores were analyzed by one-way analysis of variance (ANOVA), followed by Fisher's Least Significant Difference (LSD) post hoc test. Body weights collected at different time points were analyzed by repeated measures ANOVA, followed by Fisher's LSD post hoc test. Mortality was analyzed by log-rank test (Kaplan-Meier method). All statistical analyses were performed with SPSS 11.0 software program.
RESULTS
Mortality rate
Six rats died within 24 hours after onset of stroke and were not included in the data analysis. During the experiment, 15 rats died spontaneously before the sampling time point and were
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Figure 2: The change of rats body weight in 4 groups (n = 12) at each sampling time points. * the NE group vs. the LIT group (p < 0.05); # the MIT group vs. the LIT group (p < 0.05). &: the NE group vs. the MIT group (p < 0.05).
3). There were no evident differences between the three groups on the 1st, 3rd, and 7th day after ischemia. On the 14th day the scores of the two training groups were much lower than the NE group (p < 0.05). The neurological scores in the LIT and MIT groups were comparable.
Cerebral Infarct volume
The sham group did not show any infarction. No significant differences were observed on the 3rd day following MCAO surgery among the three treatment groups. Infarction volumes in the LIT group were reduced by 60.2% on the 7th day, and 82.9% on the 14th day, respectively. In stark contrast, infarct volumes in the MIT group were reduced by 33.8% on the 7th day and 58.4% on the 14th day, respectively. Infarct volume in the NE group was reduced by 11.4% on the 7th day and 34.8% on the 14th day, respectively. Significant differences in the cerebral infarct volume were found between the training and NE groups (p < 0.01) (Figure 4 ). Significant differences were also observed on the 7th and 14th day between the LIT and MIT groups (p < 0.01). No significant reduction in infarct volumes was detected in the NE group on the 3rd or 7th day.
Expressions of p-NR2B and total NR2B
The Western blot data are summarized in Figure 5 . Compared to the sham group, ischemic injury increased hippocampal expression levels of p-NR2B on the 3rd day in all three MACOtreated groups. On the 7th and 14th day, hippocampal levels of p-NR2B were decreased in both the LIT and MIT groups (p < 0.01). At each sampling time point, we found no change in the expression of total NR2B between groups.
DISCUSSION
Physical training is an effective behavioral intervention strategy for preventing complications and aiding in recovery after stroke 21 . In the current study, in comparison to the no exercise group, rats in both treadmill exercise groups had improved neurological function and decreased the expression of p-NR2B protein levels after a two-week training period. This is consistent with a previous report by Lee et al showing that mild to moderate treadmill training starting 24 h after focal cerebral ischemia, markedly improves neurological function 22 . However, training intensity largely determines treatment outcomes. Current findings indicate that a lower training intensity does lead to better therapeutic effects. Scopel et al reported that higher intensity training can exacerbate brain damage caused by ischemia, whereas the effects of moderate intensity training are encouraging 15 . Cell proliferation in the dentate gyrus of the rat hippocampus is also affected by the intensity of treadmill exercise, and is most prominent in the light-exercise group 23 . Some growth factors implicated in neuroplastic processes occur with prolonged expression and elevated results following lower intensity exercise 24 . Low intensity training can also increase muscle mass, dietary intake and body weight 25 , which may be accompanied by enhanced neurotrophin lervels.
Many studies have explored the effects of exercise intensity on functional recovery after stroke from the perspective of clinical studies 6 , animal models 26 and cellular and molecular work on proteins involved in the post-ischemic pathophysiological processes of cerebral metabolism 27, 28 . Among these, excitotoxic neuronal damage caused by overactivation of NR2B subunits is thought to be a principal cause of neuronal loss after stroke. For NR2B subunits, tyrosine phosphorylation has emerged as a prominent mechanism for regulating the function and number of receptors 29 . The regulation of NMDARs by tyrosine phosphorylation is members of the Src family of protein tyrosine kinases (PTKs), which induce phosphorylationdependent upregulation of NMDAR function 30 . Interestingly, it has been shown that NR2B receptor expression can be regulated by physical exercise 12, 31 . When normal mice receive exercise for one month, the overall content of NR2B subunits were not altered. However, p-NR2B increased by 83% 32 . Changes in the NR2B subunit in the training process after ischemia are still poorly understood.
Previous studies have revealed that underwent one month exercise before cerebral ischemia, relative mGluR5 and NR2B gene expression levels in rats of the training group are significantly decreased compared to those in the no exercise group 12 . Whether ischemia tolerance is mediated by the decreased gene expression of NR2B is still unknown. Because NMDA receptor function can also be modulated by neighboring activated receptors, including mGluRs 33 . In the present study, we focused on the functions of NR2B subunits, and found a decrease in p-NR2B levels in both treadmill exercise groups, particularly in the LIT group but no changes of total NR2B levels between groups at any sampling time points. We also observed that LIT contributed to body weight growth after the initial weight loss, and changes in body weight paralleled the recovering neurological function of the ischemic rats. Improved motor capacity and recovery of the nerve system allows the rats to eat more easily and thus regain body weight. This correlated with diminished neurological symptoms and greater decrease in cerebral infarct volume. Intense exercise for a short period may be stressful to the ischemic brain; however, low intensity exercise may result in adaptation and attenuation of the stress response 24 . Naylor et al also found that long term restricted running could reduce the expression of corticosterone and reverse the deleterious effects on neurogenesis 34 . Since NR2B subunits are reduced by low training intensity post-ischemia, overall it is very possible that low intensity exercise in beneficial. Nevertheless, it may be of importance to use graduated exercise protocols to alleviate any harmful stress response.
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CONCLUSION
In summary, the present findings demonstrate that physical exercise can produce neuroprotective effects in part by downregulating the activity of NR2B. The appropriate intensity level of physical exercise is critical for post-stroke rehabilitation.
